Active fast neutron singles assay of 235U enrichment in small samples of triuranium octoxide  by Parker, Helen M.O. et al.
lable at ScienceDirect
Progress in Nuclear Energy 93 (2016) 59e66Contents lists avaiProgress in Nuclear Energy
journal homepage: www.elsevier .com/locate/pnuceneActive fast neutron singles assay of 235U enrichment in small samples
of triuranium octoxide
Helen M.O. Parker a, Michael D. Aspinall b, Alex Couture c, Francis D. Cave b,
Christopher Orr c, Bryan Swinson c, Malcolm J. Joyce a, *
a Department of Engineering, Lancaster University, Lancaster, LA1 4YW, United Kingdom
b Hybrid Instruments Ltd., Gordon Manley Building, Lancaster Environment Centre, Lancaster University, Lancaster, LA1 4YQ, United Kingdom
c Pajarito Scientiﬁc Corporation, 2976 Rodeo Park Drive East, Sante Fe, NM, 87505, United Statesa r t i c l e i n f o
Article history:
Received 11 April 2016
Received in revised form
12 July 2016
Accepted 20 July 2016








E-mail address: m.joyce@lancaster.ac.uk (M.J. Joyc
http://dx.doi.org/10.1016/j.pnucene.2016.07.022
0149-1970/© 2016 The Authors. Published by Elseviera b s t r a c t
The sensitivity of an active fast neutron assay system for the measurement of 235U enrichment in small
samples of low-enriched triuranium octoxide (U3O8) is described. The system comprises four organic
liquid scintillation detectors in a polyethylene container in which a stimulating americium-lithium
neutron source is placed below the sample to be interrogated. The sensitivities of both the singles and
doubles assay have been corrected for the contribution from the stimulating source and for spontaneous
ﬁssion in 238U and found to be (0.116 ± 0.008) cps per detector per % wt. (7%) and (0.0006 ± 0.0002) cps
per detector per % wt. (33%), respectively. The singles approach with the 4-detector arrangement has
been compared via Monte Carlo (MCNP-5) simulations with a fast neutron counting system based on 12
detectors in which the source is placed adjacent to the sample, similar to the arrangement referred to as
the liquid scintillator uranium neutron collar. This comparison conﬁrms that whilst singles assay with
the 4-detector arrangement is feasible, the collar arrangement does not yield a singles yield that can be
correlated with enrichment due to the perturbative scattering by the U3O8 sample. The 4-detector
arrangement is particularly suitable for small samples of fresh, low-enriched material that might arise
in forensic applications and the analysis of un-irradiated, orphan wastes. In these cases the efﬁciency of
coincidence methods may be too low to yield a practical route to enrichment assessment. Conversely, the
use of many detectors and/or a high-intensity source by which sensitivity might be increased might
restrict the portability and ease of use of the apparatus. A correction for the contribution by (a, n) re-
actions, the stimulating source, spontaneous ﬁssion in 238U and self-multiplication in U3O8 is made via
preparatory passive measurements.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The assay of 235U enrichment is complicated by the absence of
g-ray lines with sufﬁcient intensity and freedom from contami-
nation to enable spectroscopy (Russell, 1968) coupled with a
spontaneous ﬁssion (SF) rate that is too low for passive neutron
coincidence methods. With regards to the latter, spontaneous
ﬁssion in 238U might be detectable, in principle, given the abun-
dance of this isotope in all low-enriched uranium (LEU) materials
and the higher rate of SF. However, where the target measurement
is an assay of 235U enrichment in LEU, the slight differences in 238Ue).
Ltd. This is an open access article uthat arise as a result of changes in 235U enrichment (in the range
0.31% wt. through to 5% wt.) are too subtle to enable satisfactory
levels of measurement accuracy to be achieved within acceptable
measurement times. This is of particular interest in the forensic
analysis of LEU. In such a scenario 235U enrichment can constitute a
signature with which to specify the provenance of the material but
samples are usually small and desired levels of measurement ac-
curacy can be <10%. For the purposes of this research we deﬁne the
term ‘small’ qualitatively as being consistent with the size of
sample that might arise in a forensic scenario and, perhaps most
importantly, of a size that does not perturb the stimulating
neutron ﬁeld signiﬁcantly in the context of an active neutron assay
system. Often simple, low-cost, portable assay systems are desir-
able that are easy to set up and calibrate providing quick response
times.nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(Reilly et al., 2007) that has been applied in a variety of applications
in the nuclear fuel cycle, spanning the safeguards assay of fresh fuel
in fuel manufacturing complexes through to the detection of re-
sidual material after dissolution in nuclear reprocessing (Wagner
and Wuerz, 1986). A variety of approaches have been attempted
often utilizing dozens of detectors and high-intensity neutron
sources (Clement et al., 2015; Chichester and Seabury, 2009) and
speciﬁc applications for highly-enriched material (Myers et al.,
2005; Moss et al., 2004). Usually, stimulated assay relies on the
use of 3He detectors and the detection of neutrons yielded by the
induced ﬁssion in 235U after thermalization. However, of late fast
neutron systems have also been applied to fuel assemblies with
both 3He (Tagziria et al., 2012) and organic scintillation detectors
(Joyce et al., 2015). The prominent work most recently using
organic scintillators in a fast neutron assay of enrichment is that of
(Dolan et al., 2014) in which active-interrogation was investigated
with a D-T generator and an americium-lithium source for samples
of mass ~2 kg. This included time-correlated analysis with the
associated photon emission from reactions in the LEU.
Traditionally, the singles rate obtained in active interrogation
with americium-lithium and a 3He-based detection system
comprises a signiﬁcant proportion of the ﬂux that derives directly
from the interrogating source itself. Conversely, the triples rate is
rarely sufﬁciently prominent to be of practical beneﬁt and thus
coincidence assay is used. This has the additional beneﬁts of
being immune to uncorrelated neutrons arising from (a, n) re-
actions on light isotopes. The implicit advantage of organic
scintillators in this regard is the fortuitous level of the energy
cutoff which renders the detectors of reduced sensitivity to the
stimulating neutrons from the americium-lithium source. Judi-
cious shielding with hydrogenous materials can enhance the ease
with which this property is exploited, potentially opening up the
singles channel for use. Clearly, for such an approach to have
practical validity a statistically-signiﬁcant response must be
obtainable by the stimulation of ﬁssion in the 235U isotope within
acceptable timeframes. The additional challenge with small
samples of the type that might arise in forensic investigations (i.e.
total mass <200 g and thus volume <25 cm3 in the case of U3O8)
is that the quantity of 235U present can be too small to provide
quick and sufﬁciently accurate measurements on a coincidence
basis.
There are a variety of techniques allied to neutron interroga-
tion that can aid the characterization of nuclear materials in a
forensic context. These include, for example, high-resolution mi-
croscopy, secondary ion mass spectroscopy (Betti et al., 1999),
analytical techniques (Mayer et al., 2005) and laser-induced
breakdown spectroscopy (Doucet et al., 2011). Perhaps the most
relevant neutron-based technique in forensics is that of delayed
neutron counting (Sellers et al., 2012) where a sample is activated
and the relative proportions of delayed-neutron precursors are
measured by which isotopic content can be inferred. This
approach is highly sensitive, providing measurements down to
~mg levels but usually requires a reactor system and relatively
sophisticated transfer apparatus with which to measure the
delayed neutron emission.
In this paper, the assay of 235U enrichment in relatively small
samples of un-irradiated triuranium octoxide of low enrichment
is described, based on the analysis of singles neutrons stimulated
by an americium-lithium source. A comparison is made with the
corresponding doubles response and with a Monte Carlo simu-
lation of a liquid scintillation collar arrangement comprising a
greater number of detectors and one in which the source is
placed adjacent to the sample in the plane of the detectors. A
discussion of the competing neutron contributions is given.2. Experimental methods
The experiments in this research were done in a custom-built,
high-density polyethylene container designed and manufactured
by Pajarito Scientiﬁc Corp., NM speciﬁcally for this purpose. The
dimensions of the container were 750 mm  750 mm  760 mm
with wall thickness 25 mm, as depicted in the schematic diagrams
in Fig. 1 and in the associated photograph in Fig. 2. This arrange-
ment was selected in order to optimize the probability of the
neutron detection system by aiding the reﬂection of neutrons back
into the measurement environment and optimizing the albedo
effect of neutron scattering within the polyethylene box. A small,
sheet aluminum table was designed and built to ﬁt inside the
polyethylene container to position the detectors and the sample
under test at approximately 60% of the height of the container
(460 mm) central to the detectors. This elevates the apparatus off
the ﬂoor to reduce scatter from the room. It also provides a space
below the detectors and the sample for the interrogating source.
In selecting the system dimensions and design careful consider-
ation was made of the following: the need for it to accommodate
the detectors and the associated PMTs, for it to be transportable by
two people through doorways etc. in the context of hypothetical
inspection scenarios, for it to yield an optimum thermalized
interrogating neutron ﬂux from the source beneath via scattering
within the box and for there to be minimal penetrations for
cabling.
Four VS-1105-21 EJ309 scintillation detectors (Scionix,
Netherlands) of cell dimensions 100 mm  100 mm  120 mm
were used in a horizontal arrangement equidistant from the
sample. Each detector has its own photomultiplier tube of type
9821 FLB (ADIT Electron Tubes, Sweetwater, TX). The high-voltage
and anode signal cables were routed through ports in the poly-
ethylene container to a four-channel MFAx4.3 real-time pulse-
shape discrimination analyzer (Hybrid Instruments Ltd., UK). This
instrument processes the input signal pulses in terms of their
pulse shape at a sample rate of 500 MHz with a throughput of
3  106 events per second (3 MPPS), producing 50 ns transistor-
transistor logic (TTL) signals corresponding to either g rays or
neutrons on separate, dedicated outputs. These were then routed
to a custom-made de-randomizer board (Los Alamos National
Laboratory, NM) and the outputs of this were fed to a JSR-15
multiplicity shift register (Canberra Industries Inc., CT). A 140 ns
coincidence window (the minimum possible with this apparatus)
was set with zero pre-delay for all measurements. The JSR-15 is
primarily used for 3He-based passive neutron coincidence
counting but provided a convenient means of obtaining fast
neutron totals and coincidence data in this measurement
campaign. Whilst much narrower coincidence gates are plausible
given the dimensions of the system and the processing speed of
the MFAx4.3, 140 ns was the lower limit possible for the system
as described.
The MFAx4.3 affords two, switchable hardware modes via its
associated PC-based software interface. These modes are Pulse
Shape Discrimination (PSD) mode and Multi-Channel Analyzer
(MCA) mode. In PSD mode the real-time discrimination parame-
ters, event type and channel number per event are streamed to the
PC via an integrated Ethernet connection. Simultaneously individ-
ual neutron and g-ray TTL pulses are activated for every event
processed and thus a maximum throughput of 3 MPPS per TTL
output channel can be achieved.
In MCA mode PSD characterization is still performed by the
hardware and TTL pulses are activated accordingly. However,
instead of discrimination parameters being streamed to the PC
interface the derived pulse height, event type and channel number
per event are transmitted. This powerful feature enables Pulse
Fig. 1. A schematic diagram of the experimental set-up used in this research, a) side elevation and b) plan view, showing the high-density polyethylene box of thickness 25 mm and
dimensions 750 mm  750 mm  760 mm, the thin sheet aluminum stand of height 460 mm, central circular sample container and the four organic liquid scintillation detectors
(PMTs not shown for clarity).
Fig. 2. A photograph of the experimental set-up used in this research showing the
high-density polyethylene box, thin sheet aluminum stand, central sample container
and the four organic liquid scintillation detectors.
Fig. 3. A pulse-height spectrum as produced by the acquisition used in this work for
the purposes of inter-detector calibration for g rays derived from a137Cs source.
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event types to be displayed (providing the PSD parameters are
conﬁgured accordingly). The MCA mode enables the user to adjust
high voltages quickly and easily in order to align the Compton
edges of multiple channels using the g-only PHS obtained with a
137Cs source. Such a PHS is given in Fig. 3. For a greater number of
detectors an auto-calibration utility in the software environment
enables faster setup times to be achieved via a software algorithm.
This identiﬁes the peak MCA channel in a user-speciﬁed region and
calculates the necessary high-voltage correction.
Once set up, the ﬁrst stage of the experimental procedure was
to perform preparatory measurements of sources of neutrons not
associated with the stimulated assay. There are two sources of
these to be characterized: ﬁrstly there is the neutron contribution
from the americium-lithium source when a sample is not present
(and hence stimulated ﬁssion is absent). Secondly, there is the
contribution of SF in the sample (predominantly from 238U) when
the source is not present. The ﬁrst of these was characterized byrunning the acquisition with the americium-lithium source in the
container for 1800 s with no sample. Then the source was
removed and the background from the sample was characterized
with a sample of 2.95% wt. enrichment in place, with data ac-
quired for 10 h (overnight). This measurement was used as the
correction for all samples across a range of enrichment 0.31e4.46%
wt. since, given the very small difference in 238U content as a
function of 235U enrichment, it was assumed that the SF count rate
for each would be the same rather than make a separate correc-
tion measurement for each sample. These measurements also
comprise the very small contribution from natural background i.e.
cosmic rays, decay from materials in the surroundings etc.
implicitly.
A 241Am-Li source was used to interrogate each sample with a
neutron emission rate of 87,900 s1 into 4p. The source used was a
Gammatron AN-HP series model 9 with a cylindrical form, doubly-
encapsulated of type 17-4 stainless steel (diameter ~31.75 mm and
63.5 mm length) comprising 0.222 TBq 241AmO2 powder combined
H.M.O. Parker et al. / Progress in Nuclear Energy 93 (2016) 59e6662with beryllium. The source was housed in a cylindrical well of
40.6 mm diameter and 90.0 mm depth drilled into a high-density
cubic polyethylene container of side 150 mm.
For the stimulated uranium measurements ﬁve 200 g samples
spanning a range of low enrichments were used (acquisition times
given in parentheses): 4.46% wt. (1200s), 2.95% wt. (7200s), 1.94%
wt. (3600s), 0.71% wt. (3600s) and 0.31% wt. (3600s); the last
example being derived from depleted uranium. This was installed
in a small polyethylene cylinder to aid the thermalization of the
emitted neutrons. In these measurements no correction was made
for the scattering of neutrons from detector to detector. However,
since the method highlighted in this research results in an assay
based on the use of a calibration trend any scattering can be
assumed to be constant for all enrichments given the relatively
small change in count rate from sample to sample. A more
detailed analysis for higher count rates might assume a more so-
phisticated relationship between count rate and scatter rate. It is
also worthy of note that the dimensions of the arrangement were
not changed i.e. container dimensions, detector spacing etc. Such
changes are usually the other signiﬁcant inﬂuence on inter-
detector scattering aside from count rate, multiplicity, energy
spectrum and so forth.3. Monte Carlo simulations
The experimental setup described above was simulated in
MCNP-5 along with a hypothetical 12-detector arrangement in
which the source is placed in a vacant side of the system similar
to the fast neutron collar (Joyce et al., 2015). A range of enrich-
ments of U3O8 were simulated consistent with the ﬁve samples
listed above as well as a sample of 0% wt. enrichment. A simu-
lation was also performed without a U3O8 sample to gain an
assessment of the neutron ﬂux that can be attributed to natural
background and the 241Am-Li source only, omitting the contri-
butions of induced ﬁssion in 235U and SF in 238U. The results of
this simulation are subtracted from subsequent simulations with
the U3O8 present to give the net number of induced neutrons. The
simulation of the experimental setup has adopted the geometries
described above and an arrangement of four liquid scintillant
blocks around a disc of U3O8; the PMTs and associated cabling
were omitted from the arrangement that was simulated. The
241Am-Li neutron source was placed underneath the U3O8 disc as
shown by the star in Fig. 4a and it was modelled as a bare, point
source with no account made of any thermalization that might
occur within the source material or its housing. The U3O8 is
encased in polyethylene to soften the 241Am-Li neutron spectrum
at close proximity to it and the entire setup is encased in a
polyethylene box, as per the experimental setup. A neutron tallyFig. 4. Geometries of the MCNP-5 simulations used to compare the experimental arrangeme
adjacent to the sample. Labels for each side of the conﬁguration are included: Experimentawas carried out at the front faces of each of the detectors, as
viewed from the U3O8 disc in the centre. The detectors were
labelled according to Fig. 4b (front, left, right & back) and these
labels are referred to in the results section. In the fast neutron
collar simulation 12 scintillant blocks were placed around three
sides of the U3O8 disc with 1 cm of polyethylene in between each
pair of detectors. The 241Am-Li neutron source was placed the
same distance away as in the geometry of the experimental
arrangement described in the preceding section. Neutron tallies
were done on each front-facing surface of each of the detectors
and at the open side of the geometry (the face with no detectors
where the source is positioned). The sides are labelled as shown
in Fig. 4d. The relatively small contribution from SF of 238U was
included in the simulations for completeness. The simulations
were executed with sufﬁcient neutrons to pass all statistical tests.
No environmental parameters were simulated.4. Results
4.1. Experimental results
The results for the preparatory measurements are given in
Table 1 for the 241Am-Li source alone and for the U3O8 sample in the
absence of the source. The total number of events (both singles and
doubles) for the 1800 s acquisition period is given along with the
rate for each. In Table 2 the data for each of the ﬁve U3O8 samples
are given, again in terms of total events for singles and doubles and
the event rate for each where the corrections for the source and SF
in 238U have been made.
In Fig. 5 the singles count rate versus 235U mass is given and in
Fig. 6 the same is given for the doubles count rate. A weighted,
least-squares linear ﬁt has been applied to both data sets. In Table 3
the data for the ﬁts are given for the sensitivity of the doubles and
singles techniques, in terms of mass and 235U enrichment. Here
sensitivity is derived from the gradient of the plots of count rate
versus mass or enrichment, respectively, incorporating the un-
certainties as propagated in quadrature given in Table 2.4.2. Simulation results
The results of the simulations were reported by MCNP-5 as a
neutron ﬂux normalised to the number of neutrons run in the
simulation. To obtain the expected neutron ﬂux these results were
multiplied by 3.16  108 as per the ﬂuence expected from the
source for a duration of 1 h i.e. the assay duration used most often
in the experiments. The surface neutron ﬂuence on all detectors
without U3O8 was 235,845 n. cm2 in the experimental arrange-
ment used in this research and 486,364 n. cm2 for the neutronnt explored in this research with a fast neutron collar setup and the source in a position
l arrangement a) elevation, b) plan, fast neutron collar c) elevation and d) plan.
Table 1
Experimental results for the preparatory measurements made in this research of the 241Am-Li without the sample and the sample without the source.
Events Rate/s1
241Am-Li alone Singles 20503 ± 143 11.39 ± 0.08
Doubles 6 ± 3 (3 ± 1)  103
U3O8 sample alone Singles 74394 ± 273 2.067 ± 0.007
Doubles 52 ± 7 (1.4 ± 0.2)  103
Table 2
Experimental results for the stimulated measurements carried out in this research.
Enrichment/% wt. Events Duration/s Corrected rate/s1
4.46 Singles 16694 ± 129 1200 2.5 ± 0.1
Doubles 17 ± 4 (11 ± 3)  103
2.95 Singles 96019 ± 310 7200 1.95 ± 0.09
Doubles 102 ± 10 (11 ± 2)  103
1.94 Singles 46186 ± 215 3600 1.4 ± 0.1
Doubles 26 ± 5 (4 ± 2)  103
0.71 Singles 43774 ± 209 3600 0.7 ± 0.1
Doubles 26 ± 5 (4 ± 2)  103
0.31 Singles 43533 ± 209 3600 0.7 ± 0.1
Doubles 19 ± 4 (2 ± 2)  103
Fig. 5. Singles count rate versus 235Umass for ﬁve enrichments from 0.31% wt. through
to 4.46% wt. for an exposure of 1 h with a241Am-Li source, corrected for the effect of SF
in 238U and the source. A linear ﬁt is included: gradient ¼ (0.27 ± 0.02) cps g1,
intercept ¼ (0.52 ± 0.08) cps, c2y ¼ 0:498.
Fig. 6. Doubles count rate versus 235U mass for ﬁve enrichments from 0.31% wt.
through to 4.46% wt. for an exposure of 1 h with a241Am-Li source, corrected for SF in
238U and the source. A linear ﬁt in included: gradient ¼ (1.5 ± 0.4)  103 cps g1,
intercept ¼ (1.2 ± 1.5)  103 cps, c2y ¼ 0:951.
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enrichment after the 241Am-Li ﬂuence in each of the arrangements
had been subtracted is given in Table 4.The simulation results are presented in Fig. 7 with the corre-
sponding statistical uncertainties where the experimental
arrangement investigated in this work is referred to as PSC and the
neutron collar is referred to as the liquid scintillation uranium
neutron collar (LS-UNCL). The neutron ﬂuence on each front-
facing detector surface was tallied separately as shown in the
images in Fig. 8a and b. Note the different scales of the axes of each
set of plots as each arrangement comprises a different number of
detectors (this experimental arrangement being of detector faces
10 cm  10 cm whilst the LS-UNCL are 20 cm  20 cm). It can be
seen that all values of net surface ﬂux are positive for all enrich-
ments of U3O8 in the experimental arrangement explored in this
research as shown in Figs. 7 and 8a. There is also a subtle and yet
clear positive trend in these data consistent with the increasing
trend in enrichment of U3O8, in qualitative agreement with the
experimental data shown in Fig. 5. For the neutron collar the only
surface upon which the net neutron ﬂux is positive is the ‘empty’
surface which has no detectors on it; the ‘front’ surface yields the
most signiﬁcant negative net surface neutron ﬂuence of the four
faces in this arrangement. This is corroborated by the negative
neutron ﬂux for the LS-UNCL arrangement in Fig. 7.
5. Discussion
In previous reports (Chichester and Seabury, 2009) the sensi-
tivity of stimulated assay in terms of uranium enrichment has been
estimated ranging between 0.025 and 0.043 neutrons per second
per detector pair per % wt. enrichment. In this research the doubles
sensitivity is clearly not competitive with this prior art being of a
factor of ~20 less, ~0.0006 per second per detector pair per % wt.
enrichment. This is not surprising given the smaller number of
detectors used in this work, the similar source emission rate
(87,900 in this work as opposed to 90,000 neutrons per second into
4p in Dolan et al. (2014)) and reduced sample mass (typically a
factor of 10 less in this research than that used in Dolan et al.
(2014)).
However, the singles analysis is of signiﬁcance because in this
case the sensitivity of 0.116 per detector s1 per % wt. enrichment at
7% (1s) gives a factor ranging between 3 and 5 increase on previous
work despite the array being smaller, a similar source strength and
signiﬁcantly-reduced sample mass for a relatively convenient
acquisition time of ~1 h per sample. This highlights the potential of
Table 3
Fit parameters to the experimental results for 235U sensitivity in terms of mass and enrichment in terms of the linear ﬁts ym¼mxmþ c and ye¼mxeþ cwhere the subscriptsm
and e denote mass and enrichment, respectively with the corresponding c2v .
Event type ym/cps per detector per g ye/cps per detector per % wt. c2v
m c m c
Singles 0.069 ± 0.005 0.13 ± 0.02 0.116 ± 0.008 0.13 ± 0.02 0.498
Doubles 0.0004 ± 0.0001 0.0003 ± 0.0004 0.0006 ± 0.0002 0.0003 ± 0.0005 0.951
Table 4
Monte Carlo simulation results for net surface neutron ﬂuence for the range of 235U
enrichments and the two detector systems considered in this research.
Enrichment/% wt. Net surface ﬂuence
4-detector system (PSC) Neutron collar (LS-UNCL)
4.46 2865 ± 54 5966 ± 77
2.95 2784 ± 53 6649 ± 82
1.94 2718 ± 52 7227 ± 85
0.71 2615 ± 51 8139 ± 90
0.31 2575 ± 53 8500 ± 92
0.00 2544 ± 50 8824 ± 94
H.M.O. Parker et al. / Progress in Nuclear Energy 93 (2016) 59e6664a relatively small number of detectors providing a timely singles-
based assay of uranium enrichment in small samples without the
overhead associated with greater numbers of detectors and coin-
cidence analysis.
There are other sources of neutrons aside from the 241Am-Li
source andSF in 238U thatmight constitute sources of contamination
of the induced ﬁssion rate in 235U that we seek to measure. These
contributions are summarized in Table 5. The ﬁrst of these is self-
multiplication by which neutrons emitted within the sample
generate the production of others via ﬁssion in 235U. Recent Monte
Carlo calculations (Goddard et al., 2014) indicate that this contri-
bution is constant for enrichments5%consistentwith the LEUused
in this research and thus the contribution is uniform across all en-
richments studied; therefore this contribution has been listed as
negligible in terms of the difference in contribution anticipated from
sample to sample. The second is that from induced fast ﬁssion in
238U; with the energy threshold for this being well above (>1 MeV)
the average energy from 241Am-Li (0.3 MeV) and the cross section
lowthis is also considerednegligible. The thirdcontribution is thatof
the (a, n) component due to the a-particle emission from 238U; this
contribution canpreclude theuse of singles since as accidentals they
can be excluded easily when coincidence methods are used.Fig. 7. Simulated net singles surface neutron ﬂuence versus 235U enrichment from 0.00% to 4
(LS-UNCL) geometry.The fourth contribution is the SF contributions from 238U and
235U which is generally the most signiﬁcant contribution. However,
accidentals analysis via coincidence methods would not remove
this contribution as these neutrons are correlated as are those
contributing to the stimulated ﬁssion component we are trying to
measure. Hence the same correction is usually made when per-
forming coincidence assay as was done in this work to remove this
contribution.
A ﬁfth contribution (not included in Table 5) is the perturbation
that the sample makes to the stimulating neutron ﬁeld. Clearly this
cannot be accounted for by subtracting with/without the source/
sample because the scattering of the ﬁeld only occurs when both
the sample and source are in place. With large samples such as fuel
assemblies under analysis with collar arrangements the effect of
scattering by the sample is to cause a greater proportion of neu-
trons to be reﬂected back out to the detectors thus obscuring
neutron production induced in 235U in the singles domain,
mandating the use of doubles. As is clear from this research, the
dependence with enrichment in singles is observable despite the
scattered component because the detectors are arranged sym-
metrically and the scattering perturbation is consistent across all
detectors present.
This perturbation has been quantiﬁed in the simulations in this
research. Here the 4-detector experimental arrangement was
compared against the fast neutron collar to test the efﬁcacy of
assessing ﬁssile mass in small samples with singles neutron events.
The fast neutron collar is used in a coincidence-counting arrange-
ment to exclude accidentals & (a,n) perturbations and because the
singles rate is too heavily augmented by scattering by the sample
for an observable trend in the singles response to be retained. Here
the fast neutron collar with the U3O8 sample is shown to have a
negative net neutron ﬂux at all enrichments of U3O8 compared to
the 4-detector experimental arrangement which, by contrast, is
positive at all enrichments..46% for this experimental arrangement (referred to here as PSC) and the neutron collar
Fig. 8. Simulation results of net neutron ﬂux. a) On each side of the experimental geometry (left group of ﬁgures) with increasing enrichment descending the page (0.31% wt. at the
top, down to 4.46% wt. enrichment at the bottom) and b) at each detector surface for the LS-UNCL geometry (right group of ﬁgures), again from 0.31% wt. at the top to 4.46% wt.
enrichment at the bottom. The axes represent the dimensions of the detector faces in centimetres. Fast neutron ﬂuence is given in terms of the colour scales on the right of each set
of ﬁgures.
Table 5
Other fast neutron contributions to be considered associated with self-multiplication, induced ﬁssion, (a,n) and SF.
Contribution Rate per 0.31% wt. sample/s1 Rate per 3% wt. sample/s1
Self-multiplication (Goddard et al., 2014) Negligible Negligible
Induced ﬁssion 238U Negligible Negligible
(a,n) from 238U 0.014 0.016
SF in 238U & 235U 2.18 2.12
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In this paper a method of active neutron assay based on singles
events has been described (Hybrid & PSC, 2016). This has been
shown to provide levels of sensitivity that are competitive with
those of coincidence assay for the assessment of 235U enrichment in
samples of known chemical form andmass i.e. in this case U3O8 and
200 g, respectively. This is of particular interest where the assay of
small samples might be required such as in the characterization of
orphan LEU. This research indicates that a singles approach has
merit where a balance can be struck between the contributions
from the stimulating source, SF and induced ﬁssion which does not
require the accidentals rejection beneﬁt of coincidence assay and
the (a,n) contribution is small. Scattering of the stimulating ﬁeld by
small samples does not appear to perturb the ﬁeld to an extent that
undermines the measurement in the case of the 4-detector
arrangement as is often the case for larger samples and fast neutron
coincidence arrangements such as the fast neutron collar as veriﬁed
in this research via Monte Carlo simulations. This relatively simple
approach offers the potential to discern depleted and LEU from one
another quickly and cost-effectively.
The ubiquity of materials comprising low-enriched forms of
ﬁssile material, particularly uranium, in fuel cycles associated with
nuclear energy throughout the world highlights the continuing
requirement for the development of techniques such as that
described in this paper. A combination of evidence from records,knowledge of the chemical form, total mass and stimulated neutron
assay of the type described in this work is likely to provide the best
results in tracing the origin of these substances.
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